The electronic structure of the valence and conduction bands at the Si͑100͒ surface has been studied by two-photon photoemission over a wide photon-energy range. The ionization energy was determined to 5.40 Ϯ0.03 eV. The occupied surface state at ⌫ is placed 0.15Ϯ0.06 below the valence-band maximum. Several other spectral features are assigned to transitions involving surface states and between bulk bands including backfolded bands due to the surface reconstruction. The moderate agreement between experimental data and band-structure calculations calls for an improved theoretical description of the two-photon photoemission process at semiconductor surfaces incorporating, e.g., a one-step model and excitonic effects.
I. INTRODUCTION
The Si͑100͒ surface is the basis for most of present-day semiconductor devices. It has been studied with all available surface science techniques, and a great deal of information has been collected. 1 The broken bonds of the truncated bulk crystal are rebonded in asymmetric dimers which lead to a 2ϫ1 reconstruction observed in diffraction experiments. At low temperatures an ordered c(4ϫ2) arrangement of the dimers is the most stable structure. The geometry of these surface reconstructions is well understood. 1 The formation of the surface dimers in the 2ϫ1 reconstruction leads to a filled dangling-bond band D up and an empty band D down located at the up and down atoms of the asymmetric dimer, respectively. Experimental results [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] for these bands at the center of the surface Brillouin zone ⌫ are given in Table I , and compared to calculated values [13] [14] [15] [16] [17] [18] for the 2ϫ1 and c(4ϫ2) surface reconstructions. Photoemission and inverse photoemission spectra are measured with respect to the Fermi level E F usually determined on a metal surface. On Si͑100͒ the Fermi level might be pinned at the surface at different positions depending on doping, temperature, and surface defects. This explains the large range of reported values relative to E F in particular for the occupied surface state D up . Theoretical calculations are usually referred to the valence band maximum ͑VBM͒, which cannot be identified directly in the photoemission spectra. The separation between E F and the VBM is taken from other experiments, 19 ,20 which might not be representative of the same surface. This introduces additional uncertainties to the energy of the D up state relative to VBM in Table I . The splitting between the unoccupied D down state and the occupied D up state should not be troubled by the choice of the reference energy, but the values come from conventional and inverse photoemission with a rather poor energy resolution in the latter experiment. Two-photon photoemission can observe both states in one spectrum, 21 and the splitting can be determined quite accurately to 0.81Ϯ0.05 eV.
The band structure calculations 17, 18 of the excited states at the Si(100)(2ϫ1) surface agree reasonably well with the experimental values. For the c(4ϫ2) surface 16 a somewhat smaller splitting between the lowest unoccupied and highest occupied surface states compared to the experiment and calculations for the 2ϫ1 surface is found. The larger unit cell supports two additional surface states 0.75 eV below the occupied surface state ͑also see Ref. 22͒, and 0.95 eV above the unoccupied state. It is interesting to note that, for the 2ϫ1 surface additional surface states were also reported in earlier calculations. A backbond-related state B 1 was found Ϸ0.7 eV below D up and a surface resonance D 1 * at Ϸ1.0 eV above D down related to an antibonding dimer bond. [13] [14] [15] These earlier calculations did not include quasiparticle corrections, which should affect the given energy differences only slightly. 17 Surface states with energies close to D 1 * and B 1 were found in experiments. 3, 10, 11 The electronic structure at ⌫ seems to be quite similar for both surface reconstructions. It should be noted that, except for D down , all states are degenerate with bulk bands at ⌫ , which makes them hard to identify in calculations and experiment.
Results for the bulk band structure are tabulated in Table  II . Listed are only the critical points and optical transitions in the energy range relevant for this work. The first column gives the results of the band structure calculation incorporating quasiparticle corrections in the GW approximation to the density functional theory. 17 The second column gives the experimental results of inverse photoemission studies. 4, 23 The next column stems from photoemission measurements on a cesiated surface. 24 The optical transitions and additional photoemission results are taken from a handbook. 25 The overall agreement is moderate, and shows discrepancies up to 0.4 eV. All photoemission techniques face the problem of fixing the energy scale relative to the VBM as discussed in Sec. II B. But even in the same experiment the deviation to the calculation can be positive at one critical point and negative at another. 4, 23 One explanation might be the limited energy resolution of inverse photoemission experiments.
Several two-photon photoemission studies were published 26 -30 which focused on various aspects of the electronic structure and dynamics. No clear picture has emerged from these experiments. In this work we report our results for the electronic structure of the Si͑100͒ surface obtained by two-photon photoemission ͑2PPE͒. The unique possibilities of 2PPE to study occupied and unoccupied states in one experiment dispels several problems associated with other spectroscopies. The high intensity of the laser light ensures flatband conditions, which enables us to refer the measured energies directly to the VBM. The results lay the basis for time-resolved studies of the electron dynamics.
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II. EXPERIMENT
A. Sample preparation
The experiments were carried out in an ultrahigh-vacuum chamber having a base pressure of 5ϫ10 Ϫ11 mbar. The silicon substrate was cut from p-doped ͑B, 1 . . . 10 ⍀ cm) wafers oriented within 0.5°along the ͑100͒ direction. The initial preparation consisted of a careful removal of organic contaminants with acetone and methanol followed by rinsing in distilled water which was in turn blown off with compressed air. The substrates were then mounted on the sample holder and after the vacuum chamber was baked out and has reached its base pressure they were outgassed at 500°C for at least 2 h. The substrate preparation was then done by flashing to 1200°C for a few seconds, carefully watching the chamber pressure not getting higher than 5ϫ10 Ϫ10 mbar followed by a slow cooling down from 900°C to room temperature at a rate of about 1°C per second. As a result a very sharp 2ϫ1 low-energy electron-diffraction ͑LEED͒ pattern with nearly no background intensity was obtained. At low temperatures ͑100 K͒ a c(4ϫ2) LEED pattern was observed. Further preparation was done by mild sputtering followed by heating cycles as described before. No change in substrate quality could be observed in the LEED diffraction pattern even after multiple preparation cycles. Nevertheless, the substrates were not used for more than 20 preparation cycles. The measurements presented here were done with the sample cooled down to 100 K, but experiments at room temperature showed no significant difference for the spectral features discussed here. Further measurements on vicinal surfaces with a suppressed c(4ϫ2) structure or a single 2ϫ1 domain yielded similar results with regard to the results presented for the flat surfaces here.
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B. Energy reference
Photoemission spectra are usually referenced relative to the Fermi energy, which is done by a suitable calibration of the analyzer. In the bulk of a semiconductor, the position of the Fermi level E F b in the band gap can be determined from the doping and the temperature. Due to surface or defect states the Fermi level may be pinned at a different, usually unknown, position E F s relative to the band gap at the surface as compared to the bulk. This leads to a band bending which is lifted under sufficiently strong illumination, 32 as shown in Fig. 1 for a p-type sample. The contact to the analyzer is made to the Fermi level E F b on the bulk side. Under flatband conditions the energy levels at the surface can be referenced directly to VBM using the known position of E F b in the band gap. Under weak illumination ͑such as low laser intensity or for conventional photoemission͒ the flatband condition is not reached, and the photoemission spectra shift in energy. This shift corresponds to the band bending and shows up as the saturation of the surface photovoltage under sufficiently strong illumination. 32 The escape depth of photoelectrons is usually much smaller than the width of the band-bending region. Photoemission spectra reflect therefore only the energy levels at the surface possibly shifted by the surface photovoltage. Due to the low density of ͑e.g., defect or surface͒ states at E F there is no signature in the spectra corresponding to the Fermi level. The only reference energy is given by the vacuum level which shows up as a sharp cutoff at kinetic energy zero with respect to the surface. The cutoff has been used in this work to align spectra taken at different photon energies or intensities. The shifts were below Ϯ12 meV for a given doping and temperature. Using the known work function of the analyzer the vacuum energy of the sample can be referenced to the Fermi level of the analyzer. In this way, under flatband conditions ͑see Fig. 1͒ we obtain the ionization energy ϭE vac ϪE VBM with the calculated position of E F b relative to the band gap from the known doping and temperature. By varying the photon intensity over more than two orders of magnitude, we assured that our experiments were done at saturation, i.e., flatband conditions, and obtained estimates for the surface photovoltage. From these measurements on p-type samples we obtain an ionization energy ϭ5.40Ϯ0.03 eV, slightly larger than the literature [33] [34] [35] which reported values between 5.30 and 5.35 eV. For n-type samples ͑P, 4 . . . 7 ⍀ cm) the ionization energy was less reproducible and more sensitive to sample preparation as reported before. 9, 36 The spectral features referenced to the vacuum energy, however, were identical for p-and n-type samples.
For p-type (n-type͒ samples we observed surface photovoltages Ͻ50 meV (0.37Ϯ0.05 eV) in agreement with previous work. 37, 38 The position of the Fermi level E F s was determined to 0.23 eV ͑0.48 eV͒ above the VBM at room temperature in good agreement with previous work.
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C. Two-photon photoemission
A schematic energy diagram for the two-photon photoemission process at the Si͑100͒ surface is given in Fig. 1 . A first photon is used to excite an electron from an occupied initial state to an intermediate state below the vacuum level E vac . A second photon lifts the electron above E vac . After leaving the surface, it can be detected and analyzed according to its direction and kinetic energy E kin by an energy analyzer. As a light source for the two-photon photoemission experiments a Ti:sapphire laser system 39, 40 was used which produces ultrashort pulses with Ͼ45-fs duration ͑735 nm . . . 850 nm͒ as fundamental radiation, and frequency-tripled pulses with Ͼ75-fs duration. For the data in this work the spectral bandwidth of both pulses was around 30 meV. Most experiments presented here used only the frequency-tripled pulses 3h for both excitation steps. Additional data were obtained using the fundamental pulse h and frequencytripled pulse 3h overlapping in time. In the relevant photon energy ranges no characteristic features in the linear or second-order optical constants are observed. 41, 42 In this work, only electrons emitted within a cone of 0.6°opening angle around the surface normal (k ʈ Ϸ0 relative to the ͗100͘ direction͒ are detected by means of a hemispherical energy analyzer with a Ϸ45-meV energy resolution. 43 
D. Symmetry and selection rules
Since there are some ambiguities in the literature, 4, 44 it is appropriate to review the symmetry of the relevant bulk bands, the dipole-selection rules, and their modifications at the Si͑100͒ surface. The diamond structure is a fcc lattice with a basis consisting of two equivalent atoms. Along the ⌬ axis ͑the ͗100͘ direction͒ the representations of the bands are named identically to the fcc case, but the character table is different. 45 However, the notation is chosen in such a way that the dipole-selection rules of the fcc lattice can be used. 44 -46 The diamond lattice contains symmetry operations which transform the two Si atoms of the basis into each other. Through the introduction of a surface these operations are no longer possible, and the symmetry along the ͗100͘ direction reduces to C 2v as in the case of the zinc-blende structure. 47 For clarity we denote the representations of the C 2v group by ⌬*. The compatibility relations are such that ⌬ 1 and ⌬ 2 Ј are mapped onto the totally symmetric ⌬ 1 * bands, ⌬ 1 Ј and ⌬ 2 onto ⌬ 2 *, respectively. The doubly degenerate ⌬ 5 bands are split into ⌬ 3 * and ⌬ 4 bands. 47 With reduced symmetry the dipole-selection rules become less selective, and can be taken from Table IV of Ref. 46 with an appropriate adjustment of the coordinate system.
The Si͑100͒ surface shows a 2ϫ1 reconstruction consisting of dimers. For symmetric dimers the C 2v symmetry would be retained. It is now generally accepted that asymmetric dimers form in the ground state. This lowers the symmetries to a single mirror plane and the states can be classified according to even and odd symmetry ͑denoted here by ϩ and Ϫ) with respect to the mirror plane. All transitions are allowed with an appropriate choice of the polarization vector. Since our experiments were done on a two-domain surface with 45°angle of incidence for the light ͑along or perpendicular to the dimers͒, there are no strict selection rules and a change of the polarization should mainly influence the intensities. However, for transitions with predominant bulk character some of the stricter dipole-selection rules might prevail. Note that the lifting of the selection rules could explain the observation of transitions into a ⌬ 5 finalstate band, 44 which is not totally symmetric. 46 Another effect of the reconstruction is that states from other points in the surface Brillouin zone are backfolded to the center at ⌫ by the extra reciprocal-lattice vectors of the surface. For the Si͑100͒-(2ϫ1) reconstruction this corresponds to the line ⌺L of bulk bands ͓kϭ(11)/a͔ which might become observable at normal emission. 4 This line has a mirror plane symmetry which is preserved by the backfold- ing, because the corresponding surface reciprocal-lattice vector is in the mirror plane. Following the arguments of the previous paragraph, no strict selection rules should be observable in the experiment for these backfolded bands.
The reconstructed surface has a low symmetry, and we observe contributions from two domains in the experiment. Therefore, we have classified the matrix elements in Table  IV only according to the components of the electric-field vector parallel (ʈ) and perpendicular (Ќ) to the surface. Transitions forbidden in the bulk, but allowed at the surface, are given in parentheses. Note that the final states have to be totally symmetric. 46 In our experiment, p-polarized light has components of the electric-field vector perpendicular and parallel to the surface, whereas s-polarized light has only a parallel component.
III. RESULTS
A. Bichromatic 2PPE spectra Figure 2 shows 2PPE spectra obtained using the fundamental and frequency-tripled wave of the laser at 790 nm corresponding to hϭ1.57 eV. The h pulses were always p polarized, whereas for the 3h light p and s polarizations were used. The prominent peak J 1 at 0.76 eV kinetic energy is assigned to the occupied surface state D up at ⌫ . These electrons are emitted after the absorption of two photons with a total energy of 4hϭ6.28 eV from a state 5.55 Ϯ0.05 eV below E vac . With the ionization energy ϭ5.40 eV, we obtain the energy of the D up state 0.15 Ϯ0.06 eV below the VBM. This value agrees well with 0.1 eV from Ref. 11, and is significantly smaller than 0.3 eV from Ref. 8 . It should be noted that these ultraviolet photoemission spectroscopy experiments achieve the reference to the VBM using the Fermi level position relative to the VBM from other experiments. In particular on n-type samples the Fermi-level pinning is quite sensitive to the sample preparation. Due to the flatband conditions in our 2PPE measurements, the VBM is referenced to the known bulk Fermi-level position E F b .
For s-polarized 3h light the occupied surface state D up is strongly suppressed in Fig. 2 . The remaining intensity might be due to some residual p polarization. Alternatively it could be assigned to the transition B observed in the UV spectra ͑see below͒. Transition A 1 is clearly identified in the s spectra, but it is also needed for a satisfactory fit of p spectra. All peaks can be followed over a wide range of photon energies, and the results for the fitted peak positions are included in Fig. 4 ͑open symbols͒ and Table III . Because the order of the excitation by h and 3h photons cannot be determined from the spectra ͑see Fig. 1͒ , we give intermediate state energies E m for both possibilities in Table III .
B. Monochromatic 2PPE spectra
A series of two-photon photoemission spectra using only 3h photons with energies between 4.46 and 4.74 eV is shown in Fig. 3 . Solid and dashed lines indicate p and s polarizations of the light, respectively. The intensity is normalized around the major peak H and multiplied by a factor of 10 above a 1-eV kinetic energy. A total of ten peaks labeled A -J can be identified with varying intensities upon photon energy and polarization. Some peaks, e.g., D and I, are hardly visible in the spectra. They are needed for a satisfactory fit of the data, and become more pronounced at higher photon energies ͑not shown͒. The double peak structure around 2-eV kinetic-energy shifts its spectral weight from F to E with increasing photon energy of the p-polarized light. For s polarization only one peak EЈ can be identified which shifts in position from F to E. Curve fitting cannot decide unambiguously whether this structure actually consists of three peaks with strong variations of intensity on photon energy and polarization.
FIG. 2.
Bichromatic two-photon photoemission spectra from a Si(100)(2ϫ1) surface using p-polarized pulses with h ϭ1.57 eV. The surface state at high energy is suppressed strongly for s-polarized 3h light ͑dashed line͒ as compared to p polarization ͑solid curve͒. The spectra were fitted using Lorentzian peaks plus an exponentially decaying background convoluted by a Gaussian representing the experimental resolution. The peak positions are plotted as a function of photon energy h in Fig. 4 . Circles and squares represent the data obtained from s-and p-polarized spectra, respectively. Data from bichromatic spectra ͑Fig. 2͒ are shown by open symbols, and those from pure 3h spectra ͑Fig. 3͒ by filled symbols. In all cases a linear relationship is observed. The slopes ␣ϭ⌬E kin /⌬h listed in Table III have the typical error of 10% ͑see Fig. 3͒ . Surface states should have the slope of 3 or 6 which is observed approximately for many of the peaks. For bulk states, different slopes can be observed. The energies of the initial (E i ϭE kin Ϫ6hϩ) and intermediate (E m ϭE i ϩ3h) states are given for a photon energy of 3hϭ4.62 eV.
The sensitivity to adsorbates is a prerequisite for the assignment of a peak to a surface state. However, bulk transitions may also be influenced by adsorption, because the emitted electron has to traverse the surface. We have exposed the surface to doses of up to 10 Ϫ3 -Torr s molecular oxygen. The last column of Table III indicates the peaks which show the strongest sensitivity to adsorption. The low-energy peaks A and B are not identifiable after oxygen adsorption, because the increased work function shifts the low-energy cutoff in the spectra too close to these peaks.
IV. DISCUSSION
A. Comparison to previous work
Several two-photon photoemission studies have been performed on the Si(100)(2ϫ1) surface before. Rowe et al. 26 used 1-3-ps laser pulses of 4.66-eV photon energy. Their spectra are dominated by an exponentially decreasing background. The weak structures around 2.5 and 3.9 eV above the VBM agree in energy with our peaks E and F and G and H, respectively. The high background and the absence of the occupied surface state D up in the spectra pose some question of the surface quality at the base pressure of 4ϫ10 Ϫ10 Torr. Goldman and Prybyla 27 used a photon energy of 4 eV, and concentrated on the electron dynamics, so it is not possible to compare their results to our work.
Jeong and co-workers 28,29 used high-intensity laser pulses from an amplifier system at 4.66-eV photon energy to study the electron dynamics. The spectra show some similarities to the work of Rowe et al. 26 and our data. However, we are not able to confirm their assignment of the energy scale and peaks.
A recent two-photon photoemission study by Shudo and Munakata 30 used photon energies from 3.75 to 4.50 eV. The spectra are similar to ours in the overlapping photon energy range with their broad peaks B and A corresponding to peaks E plus F and G plus H in our notation, respectively. They do not observe the occupied surface state D up in these spectra and find a much lower value for the work function than in this work. At lower photon energies they identify an occupied state 0.46 eV below E F . Their assignment of peak A relies on the assumption of a free-electron final state, but places the transition close to the ⌫ 15 and ⌫ 2 Ј points in agreement with our interpretation for peaks G and H. Figure  5 shows the calculated bands along the ⌫X direction and the ⌺L line which are relevant for normal emission on the Si(100)(2ϫ1) surface. The possible transitions for a photon Table IV . In addition, some critical points are included as possible initial or intermediate states. The required orientation of the electric-field vector relative to the surface can be derived from the symmetry of the bands. Transitions marked in parentheses are forbidden in the bulk, but might be observable due to the reduced symmetry at the surface. The slope ␣ gives the calculated change of the kinetic energy of the emitted electrons upon a change of the photon energy h over a range covered by the experiment.
B. Transitions
C. Final states
In two-photon photoemission one also has to consider the second transition into the final state ͑f͒ which couples to a free-electron state in the vacuum. The requirement that the latter state carries a current restricts the final state to totally symmetric states. 46 This is taken into account in the determination of the last column of Table IV. The experimentally observed transitions could also be dominated by the absorption of the second photon between two unoccupied bulk bands in Fig. 5 . The evaluation of these processes shows that the slope would be in all cases below 1.0. This is significantly below the experimental values in Table III , and we do not consider these transitions any further. The consideration of the direct two-photon photoemission (i→ f ) at 2ϫ4.62 eV similarly gives rather small slopes which suggests that these transitions are not important.
Obviously, two-photon photoemission spectra are dominated by initial or intermediate state effects. Final states coupling to free-electron states are usually available over a wide energy range, and select mainly the k Ќ momentum of the transition. This observation is well known from regular photoemission.
It is often helpful to describe the final states in the bulk by free-electron parabolas. 4, 30, 44 As can be seen in Fig. 5 , the energy bands of semiconductors cannot be described by freeelectron states in a reasonable way in the energy range below 10 eV sampled by our experiments. 48 In photoemission experiments the ⌬ 5 ,⌬ 2 Ј , and ⌬ 1 bands above 6 eV have been identified as final state bands at normal emission. 44 For the transitions near the ⌫ point in Fig. 5 the ⌬ 1 band would provide a strongly dispersing final state band in the right energy range.
D. Assignment of transitions
We will now assign the experimentally observed transitions of Table III to surface states or calculated transitions in the bulk band structure of Table IV . The transitions which show the least surface sensitivity are peaks G and H, and are used as a starting point.
The intermediate state energy of transition H coincides with the calculated critical point ⌫ 2 Ј . However, transitions from the ⌫ 2 Ј point into a totally symmetric ⌫ 1 final state band are not allowed in the bulk. 45, 46 Also, the experimental slope is significantly larger than expected for a fixed intermediate state. We therefore propose the assignment to the close-lying transition ⌬ 2 Ј →⌬ 5 . The slopes show a moderate agreement between theory and experiment, but these values are rather sensitive to the fit procedure in experiment and to slight changes in the band structure. The observed polarization behavior is as expected from Table IV. Transition G lies closest to the calculated energy of the ⌫ 15 point. Transition G has the right slope for an intermediate state, and is seen with both polarizations as expected from the matrix elements. With respect to the rather large deviation of 0.22 eV one has to consider that transitions G and H form a broad peak in experiment, and the energies are obtained from a fit procedure. For transitions G and H the ⌬ 1 band is available as a final-state band which makes the high intensity of these peaks plausible. The ⌬ 1 band has been identified before as a final-state band in photoemission experiments. 44 Using the energy of the occupied surface state ͑peak J; see below͒ as a reference we would place the backbond-related state B 1 at an initial state energy of 0.85 eV below the VBM. Excitation of B 1 with 6h would lead to an energy between peaks G and H, but the measured slopes are not compatible with an initial state. Furthermore, the backbond-related state should be sensitive to adsorption in contrast to the observation for peaks G and H.
Transition I is relatively weak in intensity and seen mainly at higher photon energies. A consistent assignment would be the ⌬ 5 →⌬ 5 transition at 4.11 eV, in good agreement with the experimental value of 4.15 eV. It is observed with p-polarized light, because a component of the electric field perpendicular to the surface is needed for the transition. The experimental slope carries a rather large error, because of the weak intensity and the limited photon energy range over which this peak is observed. This makes the discrepancy from the calculated value acceptable. The observed surface sensitivity does not contradict the assignment to a bulk transition, because the emitted electron has to pass the surface region.
Transition J originates from the occupied surface state D up . There are several bulk transitions close in energy, but the polarization behavior, the slope, and the surface sensitivity make an assignment to bulk bands implausible. The D up state is also seen in bichromatic spectra as J 1 at a slightly higher energy. The energy of Ϫ0.15Ϯ0.06 eV agrees very well with surface band-structure calculations. 17 We now turn to transition F at an energy of 3.14 eV, which is close to the backfolded transition Ϫ→ϩ at 3.26-eV intermediate state energy. The backfolding requires a wellordered reconstructed surface which is in agreement with the observed surface sensitivity. There is a significant discrepancy in the slopes between experiment and calculation for which we have no explanation. The large slope of 5.0 observed in the experiment suggests a bulk transition, but one could conceive also a two-photon transition out of a nondispersing initial state at Ϫ1.48 eV such as the backfolded L 3 Ј point ͑see Table II͒. The transition between the two backfolded bands of even symmetry (ϩ→ϩ) at 2.72 eV is near the intermediate state E at 2.78 eV. A good agreement is obtained for the slopes and the polarization behavior for peak E. Transition EЈ, observed with s-polarized light, is between transitions E and F, and we are not able to offer a reasonable assignment to the band structure.
Transition D appears only as a relatively weak feature in spectra taken with s-polarized light. The ⌬ 2 Ј →⌬ 1 transition does fit in energy, but not slope. In addition, this transition is forbidden in the bulk compatible with the observed surface sensitivity. One should not be able to excite this transition with s-polarized light, which leaves several open questions with this assignment.
Transition C at 2.14 eV could be assigned to the L 1 point at 2.17 eV, with a good agreement in the slope. The required surface umklapp scattering would explain the surface sensitivity. It should be noted that, according to the selection rules at the surface, there are no transitions which should be observable only with s-polarized light at non-grazing incidence-angles on a two-domain sample. For transitions C and D, we cannot exclude a weak contribution in the spectra taken with p-polarized light. At 45°light incidence the intensity of the component of the p-polarized light with polarization parallel to the surface is only half of the one for s-polarized light. In a two-photon photoemission process this could lead to a reduction by a factor of 4 in the observed peak intensity, neglecting the different reflectivity for s-and p-polarized light. A strong dependence of the photoemission intensity on incidence and emission angles was been reported for semiconductor surfaces. 49 The experimental information for peak B in Table III Table IV is the transition between the ⌬ 5 and ⌬ 2 Ј bands at 1.68 eV with a slightly larger slope. Note that the assignment to the X 1 point in Table II is unlikely, because in the diamond structure two bands (⌬ 1 and ⌬ 2 Ј ) stick together at this point with finite slopes. Note that the reduced symmetry at the surface might lift this degeneracy and lead to split bands with zero slope at the X point. An alternative and more appealing interpretation of peak B would be the assignment to the surface resonance D 1 * which would be 1.47 above the VBM according to experiment, 3 and at Ϸ1.7 eV according to theoretical calculations. 14, 16 The peak with the lowest energy A at 1.27 eV is close to the calculated conduction-band minimum in Table II of ⌬ 1 symmetry ͑see Fig. 5͒ . The experimental slope has a rather large uncertainty, and would be compatible with the slope of 3 for an intermediate state. The observation of the conduction-band minimum is plausible, because electrons can escape only by scattering into surface states or by direct recombination with holes. However, it should be observable only with p-polarized light.
Peak A 1 from bichromatic spectra coincides almost with the transition A, but has a significant smaller slope of 1.4. This would be compatible with the absorption of a photon h in the second excitation step. This would yield an intermediate state energy of 4.32 eV, close to the L 3 point in Table II. The assignments of the observed transitions ͑Table III͒ to the respective transitions in the bulk band structure are listed in the last column of Table IV . Assignments which are not completely satisfying are put in parentheses. Peaks B and J (J 1 ) are surface states and their energies are compared to published results from the literature in Table I . No information on the symmetry of the surface resonance D 1 * is available, so a comparison with the observed polarization dependence is not possible.
V. SUMMARY AND OUTLOOK
The agreement between experimental and calculated energies is generally better than 0.1 eV. This constitutes a significant improvement over the compilation of data from a variety of measurements in Tables I and II . One of the advantages of 2PPE is the simultaneous measurement of valence-and conduction-band states. In addition, the inherent achievement of flatband conditions due to the high intensity of the laser light source allows one to use the VBM as an energy reference without additional measurements, and gives the ionization energy to 5.40 eV. In the present work many peaks are measured in each spectrum, which reduces the error in the energy differences to below 0.1 eV. In view of the surface sensitivity of most of the observed features and of the 2PPE method in general, a theoretical investigation of the surface electronic structure further away from the band gap might be worthwhile. Some ambiguities of the assignments could be explained by excitonic effects which usually shift the transition energies to lower values of up to 0.1 eV. 50, 51 Excitons constitute a difficult problem per se, but the situation is further complicated by the dynamics of the excitonic intermediate state in the two-step process of 2PPE. With respect to the strong intensity variations with photon energy and polarization it would be desirable to have calculations including optical-transition matrix elements available. An extension of the one-step model for photoemission 48 to the two steps of two-photon photoemission has not been done so far.
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